Many signalized intersections are characterized with frequent left-turn moves. Vehicles waiting for a protected left turn may form long queues, which will increase the intersection delay and negatively impact the network performance. Researchers and practitioners across various countries underline that access management leads to a smoother traffic flow. One way of access management at intersections is to eliminate the direct left-turn maneuver. This study aims to evaluate how the traffic conditions will be affected from replacing the direct left turn with the right-turn U-turn maneuver at intersections. In case of the right-turn U-turn maneuver, a vehicle turns right instead of making the left turn and travels either to the median opening or to the next intersection to make a U-turn. Two simulation models are built using the Synchro Studio and Aimsun simulation software packages based on the data, collected from one of the busiest intersections in Tehran (Iran), to quantify the effects of replacing the direct left turn with the right-turn U-turn maneuver on the intersection and network performance. Results of a comprehensive simulation analysis indicate that the proposed access management treatment not only significantly reduces the total vehicle queue length and the total delay at the considered intersection, but also decreases the total network delay and the total travel time. Furthermore, elimination of the direct left turn increases the number of vehicles entering the network.
Introduction
An increasing demand for passenger and freight transport over the last decades caused a significant increase in the roadway congestion [1] - [12] . London (United Kingdom), Stuttgart (Germany), and Antwerp (Belgium) were named as the most congested cities in Europe with the total delays of 101 hours, 73 hours, and 71 hours per commuter traveler respectively in 2015 [13] . The total delay in London increased by 5.2 hours between 2014 and 2015. A fast economic growth and record population levels were found to be the primary reasons of increasing traffic congestion [13] . Similar tendencies were reported in the United States (U.S.). According to the statistical data, provided by the INRIX consulting company, nine out of twenty the most congested cities in the word are located in the U.S., including Los Angeles, New York, San Francisco, Atlanta, Miami, Washington (D.C.), Dallas, Boston, and Chicago [14] . A commuter in the city of Los Angeles on average spent 104.1 hours in traffic jams in 2016. As a result of increasing traffic congestion, approximately 9 million jobs were lost in the U.S.
over the last years [15] . Furthermore, the traffic congestion caused American drivers to waste more than 3 billion gallons of fuel [15] . The latter also increased the amount of emissions, produced by vehicles, and negatively affected the environment.
Cambridge Systematics [16] listed the following major reasons, causing the traffic congestion in the U.S.: 1) physical bottlenecks due to lack of the roadway capacity; 2) traffic incidents; 3) work zones; 4) weather; 5) disruption of traffic flow by traffic control devices; and 6) traffic demand fluctuations. Some of the aforementioned reasons cause traffic congestion in other countries as well. Generally, the existing congestion mitigation strategies can be divided into three groups [16] . The first group aims to add more capacity by increasing the number and size of the existing roadways. The second group of congestion mitigation strategies aims to manage the existing capacity more efficiently, while the last group encourages the travel and land use patterns that use the roadway system in less congestion producing ways. Nowadays, many transportation authorities rely on access management, which falls under the second group of congestion mitigation strategies.
A large variety of access management techniques have been implemented in the past to improve performance of the roadway segments around the world.
The National Cooperative Highway Research Program (NCHRP) report "Impacts of Access Management Techniques" highlights that there are more than 100 access management techniques, which can be used to achieve different goals [17] . Generally, application of access management techniques allows preserving the existing roadway capacity and improving safety by reducing the number of crashes. The access management techniques may be classified into two groups [17] : a) policy-management techniques (access codes/spacing, zoning/subdivision regulations, purchase of access rights, and establishments of setbacks from interchanges and intersections); and b) design-operations techniques (inter- One of the most efficient design-operations techniques, which can serve as an alternative to the direct left-turn (DLT) maneuvers, is application of the right-turn followed by U-turn (RTUT) maneuver. In case of the RTUT maneuver, the vehicle, intending to make a left turn, turns right and travels either to the median opening or to the next intersection to make a U-turn. Replacing of the DLT maneuver with the RTUT maneuver allows reducing the number of conflict points and improves safety of travelers. Moreover, application of the RTUT maneuver generally increases the intersection capacity due to decrease in the total stop delay. However, depending on the location of median opening or intersection for the U-turn, the RTUT maneuver may increase the total travel distance and the total travel time of vehicles as compared to the DLT maneuver [18] .
Considering a growing demand for passenger and freight transport and increasing congestion levels, this study aims to quantify the effects of replacing the DLT maneuver with the RTUT maneuver on the intersection and network performance. A case study is conducted for the Abu Saeed-Khalije Fars intersection, which is considered as one of the most congested areas in the Tehran metropolitan area (Iran). Two simulation models are built using the Synchro Studio and Aimsun software packages to estimate both intersection and network performance indicators before and after access management. Application of the developed simulation models will assist with estimating the major intersection and network performance indicators and quantifying potential advantages from replacing the DLT maneuver with the RTUT maneuver. The remainder of the manuscript is organized in the following manner. The next section presents a review of the literature on access management with focus on implementation of the RTUT maneuver. The third section describes in details the DLT and RTUT maneuvers and provides estimations of the total travel time and the total delay for both maneuvers. The fourth section describes the study area, data collection, and research methodology adopted. The fifth section presents the simulation experiments that were conducted in this study, while the last section summarizes findings and provides future research extensions.
Literature Review
As mentioned in the introduction section of the paper, a large variety of access management techniques have been widely used in the past to preserve the roadway capacity and reduce the number of crashes [17] . The RTUT maneuver is generally applied to replace the DLT maneuver. Despite the fact that the right-turn maneuver is typically used more frequently at intersections, the DLT Open Journal of Applied Sciences maneuver is considered as one of the major factors causing traffic congestion at intersections and safety concerns [19] . Many transportation authorities introduced a number of policies in order to restrict utilization of the DLT maneuvers.
For example, the State of Florida (U.S.) adopted a Multilane Facilities Median Policy in 1993, according to which all new or reconstructed multilane highways with a design speed over 40 mph were required to have a restrictive median [20] .
A closing of median opening at the major arterial roads required the vehicles, initially aiming to make a left turn, to travel to the downstream median opening or signalized intersection to make a U-turn. Considering an increasing implementation of the indirect left-turn maneuvers, this section of the paper aims to review the published to date studies, discussing the roadway operational performance and safety effects from replacing the DLT maneuvers with the indirect left-turn maneuvers. The collected studies were categorized into two groups based on the considered effects from applying the indirect left-turn maneuver: 1) roadway operational performance effects; and 2) safety effects.
Roadway Operational Performance Effects
Maki [21] performed a comparative analysis of the indirect left-turn and DLT maneuvers on the Michigan roadways with 4 and 6 lanes. It was found that the roadway capacity increased by 20% -50% from implementing the indirect left-turn maneuver. Gluck et al. [17] focused on the analysis of various access management techniques. The report highlighted that application of the RTUT maneuver could increase the total travel time by approximately 1 min as compared to the DLT maneuver, assuming a distance of 320 ft between the intersection and the median opening. Lu et al. [22] conducted a study to evaluate the effects of access management on the roadway operational performance of ten sites in Florida. Two alternative treatments were considered: 1) the DLT maneuver;
and 2) the RTUT maneuver at the median opening. The analysis was performed using the CORSIM simulation software. Computational experiments indicated that replacing the DLT maneuver with the RTUT maneuver significantly reduced the total travel time and the total delay. The total delay was reduced by 15% and 22% during peak and off-peak periods respectively.
Fan [20] assessed the effects of replacing the DLT maneuver with the RTUT maneuver in the Tampa Bay metropolitan area (Florida, U.S.). A total of eight sites were selected and more than 300 hours of the field data were recorded (including travel time, delay, headway, traffic volume, signal timing, etc.). A number of statistical models were developed to evaluate the total vehicle travel time and delay. It was found that application of the RTUT maneuver at the signalized intersections increased the total vehicle travel time and delay as compared to the DLT maneuver. Liu et al. [23] compared three driveway left-turn alternatives, including the following: a) the DLT maneuver; b) the RTUT maneuver at the median opening; and c) the RTUT maneuver at the signalized intersection. The analysis was performed using the data collected from 40 roadway segments in coming from the minor street, to re-route through RTUT at a median opening located on the major street. The analysis was conducted using the VISSIM simulation software. The traffic signal timing was optimized using the Synchro software. Numerical experiments were performed using the transportation network data, collected from the City of Cairo (Egypt), and results showed that the capacity of the alternative median U-turn intersection was 27% lower as compared to the conventional four-leg intersection. However, despite a poor performance, the alternative median U-turn intersection was still adopted by the city officials to address the problem of drivers' non-compliance with the traffic regulations.
Yang et al. [25] Park et al. [27] performed a study on installation of U-turn lanes at signalized intersections using the traffic data, collected from the Incheon metropolitan area 
Safety Effects
Along with reduction in the total vehicle delay and increase in the roadway capacity, many studies underline that application of RTUT decreases the number of crashes and improves safety. Gluck et al. [17] highlighted that replacing the DLT maneuver with the RTUT maneuver could reduce the accident rate by 20%
at unsignalized intersections and by 35% at signalized intersections. The latter estimates were derived based on the data collection from various intersections in the U.S. Carter et al. [30] conducted a study to determine the safety and operational effects of U-turns at signalized intersections. The analysis was performed using the data, collected from 78 signalized intersections in North Carolina Lu et al. [31] focused on assessment of the safety impacts associated with replacing the DLT maneuver with the RTUT maneuver. Nine types of traffic conflicts were analyzed using the data, collected from eight sites in the Tampa Bay metropolitan area (Florida, U.S.). Results demonstrated that the DLT movements on average generated 6.7 conflicts per hour, while the RTUT movements on average generated 2.4 conflicts per hour. Furthermore, the average number of conflicts per thousand vehicles comprised 40.6 and 26.2 for the DLT and RTUT maneuvers respectively. Due to higher number of conflicts, the DLT maneuver generally causes more crashes as compared to the RTUT maneuver. As underlined by Williams et al. [32] in the Access Management Manual, approximately 74% of crashes occur at the access points due to the DLT maneuver. Liu [33] evaluated the safety and operational performance impacts for the RTUT ma- neuvers. An increase in the separation distance generally reduced the crash rates at weaving segments, but increased the vehicle travel time. Liu et al. [34] also highlighted the importance of selecting the appropriate separation distance. It was mentioned that a 10% increase in the separation distance decreased the total number of crashes by 3.3%.
Qi et al. [35] 
Contribution
The conducted literature review indicates that replacing the DLT maneuver with the RTUT maneuver generally allows increasing the intersection and network capacity, decreasing the total delay, and improving safety [22] Some studies highlighted that selection of an appropriate location for the median opening for the RTUT maneuver could also decrease the total travel time 
Description of the DLT and RTUT Maneuvers
This section of the paper provides a detailed description of the DLT and RTUT maneuvers and presents a set of relationships that are generally used to estimate the average total travel time and total vehicle delay for both types of maneuvers.
In order to make the DLT maneuver, a vehicle should perform the following • Step 2: Select an appropriate headway, travel to the median, stop at the median, wait for an appropriate headway through the opposite traffic flow; • Step 3: Accelerate to reach the operational speed on the major road. Figure 1 provides an illustration of the steps necessary for a vehicle to perform the DLT maneuver. The average total travel time and total vehicle delay for the DLT maneuver can be determined by the following equations:
where: 
The total travel time and the total vehicle delay are some of the primary indicators, which are generally used for assessing the intersection and network performance before and after application of the RTUT maneuver [20] .
Data Collection and Research Methodology
This study focuses on evaluation of replacing the DLT maneuver with the RTUT and results are presented in Table 1 . Note that in this study the heavy vehicles The day peak hour volume was recorded to be 5040 vehicles. The peak hour factor (PHF) was calculated to be 0.89. Note that the scope of this study does not include assessing monthly and seasonal variations in traffic flow, which will be one of the future research directions.
Two simulation models were built for the considered study area based on the collected data. The first simulation model was developed using the Synchro Stu- 
Simulation Experiments
This section of the paper provides a detailed description of the simulation experiments that were performed to quantify the advantages from replacing the DLT maneuver with the RTUT maneuver on performance of the Abu Saeed-Khalije Fars intersection and surrounding network. The effects on intersection and network performance indicators are discussed in sections 5.1 and 5.2 respectively.
The Signalized Intersection Conditions before and after Access Management
As indicated in section 4 of the paper, the Synchro Studio software was used to estimate performance indicators of the Abu Saeed-Khalije Fars intersection under the existing conditions (where the vehicles were allowed to make the DLT maneuver) and after access management (where the DLT maneuver was restricted and the vehicles were required to make the RTUT maneuver at the median opening either upstream or downstream of the intersection instead of making the DLT maneuver). Results of the conducted analysis are presented in Table 2 , including the following performance indicators for each approach: 1) approach delay; 2) 50 th percentile queue length; 3) approach volume to capacity (V/C) ratio; 4) approach level of service (LOS); 5) intersection V/C ratio; 6) intersection delay; 7) intersection LOS; and 8) intersection capacity utilization (ICU). The traffic flows, emulated using the SimTraffic application of the Synchro Studio, before and after replacing the DLT maneuver are shown in Figure 4 for a simulated time of 7:30 am. We observe that application of access management significantly improved the traffic flow at the Abu Saeed-Khalije Fars intersection.
As a result of replacing the DLT maneuver with the RTUT maneuver the in- 
The Network Conditions before and after Access Management
The Aimsun simulation software was used to develop a microsimulation model for the study area and estimate performance indicators of the surrounding net- However, the total travel distance increased by 21.9% from application of the RTUT maneuver. The latter can be explained by the fact that the vehicles, intended to make a left turn, were required to travel to the median opening either downstream or upstream of the intersection to make a U-turn. Nevertheless, since the vehicles were able to travel at a higher speed, the total travel time after access management was found to be lower as compared to the existing condition, where the left-turn movements were allowed. The simulation experiments also indicate that access management allowed increasing the total traffic flow by 9.3%, while the density of vehicles was reduced by 51.2%. Furthermore, the total fuel consumption decreased by 35.8% after eliminating the DLT maneuver.
Therefore, an efficient access management may not only improve the intersection and network performance indicators, but also alleviate negative environmental externalities (i.e., lower fuel consumption further leads to reduction of the emissions produced by vehicles).
Conclusions and Future Research
Nowadays transportation authorities have to implement efficient countermeasures in large metropolitan areas around the world to resolve the existing congestion issues and serve the growing demand for passenger and freight trans- after access management due to the fact that the vehicles, intending to make a left turn, were required to travel to the median opening to make a U-turn. Nevertheless, the total travel time decreased from restricting the direct left-turn movements due to an increase in the vehicle travel speed. Therefore, application of the right-turn followed by U-turn maneuver significantly improved performance indicators of the Abu Saeed-Khalije Fars intersection and surrounding network.
The future research may focus on the following extensions: 1) evaluate the access management effects for other intersections in the Tehran metropolitan area with high traffic flows; 2) collect the crash data for the study area and assess the safety effects from application of the right-turn followed by U-turn maneuver; 3) conduct the analysis for inclement weather conditions (e.g., rain, snow); 4) evaluate other alternative indirect left-turn maneuvers (e.g., through neighboring squares, jughandle intersections, left-turn maneuver followed by U-turn, and others).
